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Abstract 
Fault modeling is the key and the difficulty of analog and mixed-signal circuits. The existing fault model include 
resistance model, perfect switch model, MOS transistor width-length ratio model and slope fault model, these 
methods have succeed in a certain extent, but also existed much limitation. In this paper, on the basis of research into 
slope fault model, this paper presents a new fault model is improved slope fault model. The fault model utilizes 
piecewise linear function to approximate the nonlinear analog circuit, and solve the problem of tolerance by using 
eulerian length. The experimental result is given to clarify our approach and to show its efficiency. This research 
provides theoretical foundation for the research of analog and mixed-signal circuits. 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Harbin University 
of Science and Technology 
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1. Introduction 
The test of mixed-signal circuits has received great attention in the last few years, consists of the test of 
digital components and the test of analog components. The test of digital components is successful than 
analog components because the digital circuits have a mature fault model-the classical single stuck-at. 
At present the fault model in analog circuits include resistance model, perfect switch model, MOS 
transistor width-length ratio model and slope fault model. Resistance model and perfect switch model are 
easy-to-use, but neglect tolerance of fault component. MOS transistor width-length ratio model is too 
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complex to application. Wang Peng presented a slope fault model which can diagnose catastrophic faults 
and parametric faults, but this method is only applied to linear analog circuits. 
In this paper we propose a partitioned slope fault model which is applied to nonlinear circuit, make use 
of the equidistant-interpretation-imminent technique to get piecewise function of nonlinear function. 
2. Piecewise function of nonlinear analog circuit 
It has much advantage to linearise nonlinear function. First, in linear segment, the circuits are a linear 
network, can be solved by the analytical method of linear network. Second, nonlinear particularity can be 
obtained by test data. Linear function is easy to obtain when we take data point as angular point. Third, it 
is applied to mixed-signal circuits, can unity data structure. 
2.1. piecewise functions approximate 
Suppose ( )f x is nonlinear function, is approximated by linear function ( )p x , ix (0 1)i k≤ ≤ − is the 
point of ( )f x , the definition of first order divided difference of ( )f x is shown in (1) 
f(x ) - f(x )j j-1f[x , x ] =  jj-1 x - xj j-1
 (0 < j < k - 1)                                                                   (1) 
Because of f[x , x ] = f[x , x ]j jj-1 j-1 , we can deduce equations are shown in (2), (3) and (4). 
f(x) = f[x ] +(x - x )f[x , x]j-1 j-1 j-1                                                                                         (2) 
f[x , x] = f[x , x ] +(x - x )f[x , x , x]j j jj-1 j-1 j-1                                                                           (3) 
f(x) = f[x ] +(x - x )f[x , x ] +(x - x )(x - x )f[x , x , x]j j jj-1 j-1 j-1 j-1 j-1                               (4) 
Suppose there are a set of equidistant points x = a + jhj (h > 0) , h is the step size. The function value 
of these points is y j . The definition of first order front differential operator is 
Δf(x ) = f(x + h) - f(x )j j j                                                                                                    (5) 
According to the above definition, the relation of finite difference and mean difference is 
f(x ) - f(x ) Δf(x )j j-1 j-1f[x , x ] = =jj-1 x - x hj j-1                                                                               (6) 
The formula for front difference can be obtained by (6) into (4). 
(x - x )j-1f(x) = f(x )+ Δf(x )+ Ej-1 j-1h                                                                                    (7) 
E = (x - x )(x - x )f[x , x , x]j jj-1 j-1  is the error in (7), and will be introduced in the next section. 
Linear approximated equation can be deduced by (7). 
(x - x )j-1p(x) = f(x ) + Δ f(x )j -1 j-1h
 
   = A x+Bj-1 j-1                                                                                                                (8) 
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Δ f ( x )j -1A =j -1 h
， Δ f(x )xj -1 j -1B = f(x ) -j -1 j -1 h
。 A ,Bj-1 j-1 is the slope and intercept of p(x)
x < x < x jj-1（ ）.
As nonlinear function f(x) is approximated by linear function p(x) , its fault model can be represented by 
the slope of p(x) . According to (8), the fault model of f(x) is (A , , A )0 k-1L . When A = = A0 k-1L , the fault 
model of f(x) is the fault model of linear function. So the fault model of linear function is a special case of 
the fault model of nonlinear function. 
2.2. The error of linear interpolation 
In the process of piecewise linearly approximating nonlinear function, the error is unavoidably exist. So it 
is important to control error by the aid of researching linear interpolation. 
From (4) we can know, 
E = (x - x )(x - x )f[x , x , x]j jj-1 j-1 is the linear approximation error of f(x) .
Suppose
F(x) = f(x) - p(x) - K(x - x )(x - x )jj-1 ,
K = f[x , x , x]jj-1 . When
x = x j-1  and
x = x j ,
f(x) - p(x)and





at least have two points equal zero,
''F (x)
at least have one point equal zero, as shown in (9) 
" " "f (ξ) - p (ξ) - K[(ξ - x )(ξ - x )] = 0jj-1                                                                            (9) 
Because
"p (ξ) = 0 , we can obtain the following equations 
"f (ξ) - 2K = 0                                                                                                                    (10) 
1 "K = f (ξ)
2                                                                                                                       (11) 
1 "E = (x - x )(x - x )f (ξ)jj-12                                                                                                 (12)  
For the maximum value of
(x - x )(x - x )jj-1 is
1 2(x - x )j j-14 and
x - x = hj j-1  in the method of 
equidistant interpolation, (12) can be wrote as 
1 2 "E = h f (ξ)
8                                                                                                                    (13) 




are controlled by the attribute of circuits. 
We can only control h . By way of decrease the value of h , we can accomplish the purpose of decrease 
error. 
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2.3. The establish of fault model of analog circuit 
Suppose the fault set of circuit is F = {F ,F , ,F }n0 1 L , F0 is the normal condition, F (i = 1,2, ,n)i L is











                                                                                                         (14) 
Row vector
(A , A , , A )ini1 i2 L is corresponding to fault Fi .
By means of measuring Device under Test, we can obtain real magnitude of voltage of test point, then 
build fault model
(A , A , , A )jnj1 j2 L , contrast this fault model with row vector of fault matrix A , and find 
the corresponding fault which has the same value. 
Because actual component exist tolerance, it is impossible the value of component absolutely equal 
nominal value in analog and mixed-signal circuits. Thus there is a little deviation between the responses 
of circuit and simulation result. If considering the effect of tolerance, we can solve this problem by using 
eulerian length. 
Suppose fault model B which be built by voltage relation function of
A1 and
A2 in DUT 
is
(B ,B , ,B )jnj1 j2 L , eulerian length is difference value between actual fault model and fault model in 
fault set: 
2 2 2d = (B - A ) +(B - A ) + +(B - A )j jn jnj1 j1 j2 j2 L                                                      (15) 
If
*dm =min
*d j that Fm is the current fault. 
3. Simulation analysis 
In this section we simulate the circuit in Multisim9, and verify correctness of our method. Schematic 
diagram of the experimental circuit is show as Figure 1,
R = R = 1KΩ1 2 ,
V = 0.1v1 , transistor
Q1 and
operational amplifier
U1 is ideal state. Relationship of input voltage iu and output voltage uo is
u i
nu = k eo ,
k,n are the constant. 
When the circuit is trouble-free, transfer characteristics of input voltage
ui and output voltage uo reported 
in Figure 2. Make use of equidistant piecewise linear function, we can linear approximate it, and step 
value is 0.1. The result is show as the green line in Figure 2. Set 0
F
is the normal state, 
F1and
F2 respectively is fault state which is 5 times of nominal value of
R1 and
R2 ,
F3 is fault state
R2 is
short-circuited. Due to limited space, we directly write the fault model of 
F1， F2， F3
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1.7 4.6 12.5 33.5 90.9
1.7 4.6 12.5 33.5 90.9
A =
8.6 23.1 62.8 170.2 461.2




⎢ ⎥⎢ ⎥⎣ ⎦
Considering the effect of tolerance and measurement error, we can calculate eulerian length 
di between
AR and A : 0d =894.5， d2 =496.1， d3 =992.3. Because d2 is the minimum, accordingly 
F2 is the current fault state. 
From the fault model matrix, we know vector
A1 is correspond to
F1 is equal to vector
A0 , and fault state 
of
R1 do not affect the response of circuit. From Figure 1, we know there is not current transit
R1 in
normal state, so
R1 is undetectable fault, should delete
A1 from fault model matrix. 
With the actual circuit, we replace
R2 by the resistance of 10KΩ , and calculate the vector of circuit 
A = ( 17.1 46.3 125.6 340.3 922.3 )R
Fig. 1. Experimental circuit 
Fig. 2. The chart of transfer characteristics and piecewise linear function
4. Conclusion
In this paper we present a new fault model in analog and mixed circuits, this model apply to nonlinear 
circuit, can diagnose catastrophic faults and parametric faults. By way of eulerian length, we solve the 
problem of tolerance, carry out circuit simulation in Multisim9, and verify the effectiveness of the model. 
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